Background: The theory of homeostatic metaplasticity has significant implications for human motor cortical plasticity and motor learning. Previous work has shown that the extent of recent effector use before exogenously-induced plasticity can affect the direction, magnitude and variability of aftereffects. However, the impact of recent effector use on motor learning and practice-dependent plasticity is not known. Hypothesis: We hypothesized that reducing effector use for 8 hours via hand/wrist immobilization would facilitate practice-dependent changes in corticospinal excitability and TMS-evoked thumb movement kinematics, while also promoting 24-hour retention of a ballistic motor skill. Methods: Subjects participated in a crossover study involving two conditions. During the immobilization condition, subjects wore a splint that restricted motion of the left hand and thumb for 8 hours. While wearing the splint, subjects were instructed to avoid using their left hand as much as possible. During the control condition, subjects did not wear a splint at any time nor were they instructed to avoid hand use. After either an 8 hour period of immobilization or normal hand use, we collected MEP and TMSevoked thumb movement recruitment curves, and subjects practiced a ballistic motor skill involving rapid thumb extension. After motor practice, MEP and TMS-evoked thumb movement recruitment curves were re-tested. Retention of the motor skill was tested 30 minutes and 24 hours after motor practice. Results: Reduced effector use did not impact pre-practice corticospinal excitability but did facilitate practicedependent changes in corticospinal excitability, and this enhancement was specific to the trained muscle. In contrast, reducing effector use did not affect practice-dependent changes in TMS-evoked thumb movements nor did it promote acquisition or retention of the skill. Finally, we detected some associations between pre-practice excitability levels, plasticity effects and learning effects, but these did not reach our adjusted criterion for significance. Conclusion: Experimentally enhancing practice-dependent changes in corticospinal excitability is not sufficient to promote learning or memory of a ballistic motor skill. 
Introduction
The central nervous system has a remarkable capacity for plasticity. Two of the best-studied forms of plasticity are long-term potentiation (LTP) and long-term depression (LTD) [1, 2] . In humans, plasticity that resembles LTP and LTD can be probed using noninvasive brain stimulation protocols and are referred to as LTP-and LTD-like plasticity [3] [4] [5] [6] . LTP-like plasticity is thought to underlie human motor memory, as reversing LTP-like plasticity after motor learning disrupts 24-hour retention of a newly-learned motor skill [7] .
Although the central nervous system is capable of plastic changes that might be critical for motor memory, unregulated plasticity could lead to either excessive or inadequate neuronal firing. One way the nervous system might prevent this is through a set of theoretical processes collectively termed homeostatic metaplasticity [8, 9] . The theory of homeostatic metaplasticity states that the threshold of neural activity required to induce LTP or LTD shifts in response to the history of post-synaptic activity. Thus, if a post-synaptic neuron has recently been very active, the threshold for inducing LTP at synapses converging onto that neuron rises while the threshold for LTD lowers (i.e., the probability of inducing LTP decreases and the probability of inducing LTD increases). In contrast, if a post-synaptic neuron has recently been less active, the threshold for inducing LTP lowers and the threshold for LTD rises (i.e., the probability of inducing LTP and LTD increases and decreases, respectively). There is substantial evidence suggesting that principles of homeostatic metaplasticity apply within human motor cortex and across cortical regions [10, 11] .
Principles of homeostatic metaplasticity also apply when increased or decreased effector use precedes plasticity induction. For example, performing voluntary contractions or movements before theta-burst stimulation reverses the pattern of aftereffects [12, 13] and increases the variability in responsiveness [14] . Additionally, short-term hand/wrist immobilization reduces corticospinal excitability (CSE) for an immobilized muscle and augments subsequent LTP-and LTD-like plasticity of neuronal populations innervating that muscle [15] . Therefore, the extent of recent effector use dynamically interacts with exogenously-induced plasticity, but its impact on practice-dependent plasticity and motor learning is unknown.
Here, we asked if the recent history of effector use interacts with subsequent practice-dependent plasticity and motor learning. We examined acquisition and retention of a ballistic motor skill, as well as two forms of practice-dependent plasticity (i.e., changes in CSE and TMS-evoked thumb movements) after normal hand use and 8 hours of hand/wrist immobilization. We hypothesized that 8 hours of hand/wrist immobilization would decrease CSE for an immobilized muscle and would enhance subsequent practice-dependent plasticity. We also expected that this enhancement of practicedependent plasticity would promote memory of the motor skill 24 hours after acquisition. Our results demonstrate that experimentally reducing effector use facilitated subsequent practice-dependent plasticity of CSE, but that this augmented plasticity was not accompanied by increased plasticity of TMS-evoked thumb movements or improved motor learning.
Materials and methods

Subjects
Twelve healthy, right-handed subjects participated in this sixsession study (5 M and 7 F, age = 22.5 ± 0.90 years, range = 19-28 years). Subjects had no history of neurological, orthopedic, or cardiovascular disease and were free of contraindications to transcranial magnetic stimulation [16] . Subjects were not taking medications that act on the nervous system and were asked to abstain from alcohol and aerobic exercise during the study. All subjects provided their written informed consent before participation. The study was approved by the University of Iowa's Institutional Review Board.
General experimental design
Because motor learning and plasticity processes can differ between individuals with different genotypes [17] [18] [19] [20] [21] , we utilized a within-subjects crossover design. Each subject reported to the laboratory for two sets of three sessions each, with each set corresponding to either the immobilization or control condition. The order of testing in the conditions was counterbalanced so that approximately half of subjects experienced either the immobilization or control condition first (immobilization first: N = 5, control first: N = 7). Subjects completed the two sets of sessions at least 2 weeks apart (average, 17.92 ± 2.04 days).
During the immobilization condition, subjects reported to the laboratory between 7 and 9 am and completed a baseline test of ballistic thumb extension. Afterward, subjects were fit with a padded splint that restricted movement of the left wrist and thumb, and digits 2-5 were taped together. Subjects were instructed to wear the splint and avoid using the left hand as much as possible until their next laboratory visit, while also remaining alert for altered sensation in the left fingertips. In the event of any significant or persistent pain, tingling or numbness, subjects were instructed to remove the splint and contact the research team. No subject reported any issues due to wearing the splint.
Approximately 8 hours after the morning session, subjects returned to the laboratory and the splint was removed. The TMS hotspot and the resting motor threshold (RMT) for the left opponens pollicis (OP) was determined, followed by concurrent collection of both MEP and TMS-evoked thumb movement recruitment curves (RCs) at intensities between 90% and 150% RMT. Afterward, a second baseline test of ballistic thumb extension was performed, and subjects then practiced the motor skill repeatedly. After practice, ballistic thumb extension, MEP RCs and TMS-evoked thumb movement RCs were re-tested. Retention was tested 30 minutes (within-day retention) and 24 hours (between-day retention) after post-testing. During the control condition, all experimental procedures were identical except that subjects were not fit with a splint, digits 2-5 were not taped together, and subjects were not instructed to avoid left hand use. Fig. 1 depicts the experimental timeline.
Motor learning task
The motor skill tested here involved a voluntary ballistic thumb extension movements. Subjects placed their left hand palmar side down on a flat, low-friction tabletop. A tri-axial accelerometer (Measurement Specialties Inc., Model 53-0050-240) was mounted on the distal phalanx of the thumb, the radial side of the index finger was secured in place with a custom-built peg system and a sandbag was laid on the dorsum of the hand to restrict excess motion. During practice, subjects were instructed to respond to a metronome (rate: 0.5 Hz) by extending their thumb as fast as possible while also maintaining light contact with the tabletop. Subjects were also instructed to return the thumb to its original resting position after each movement. Note that we did not explicitly instruct subjects to move their thumb as far as possible, although subjects tended to move their thumb approximately two-thirds through their range of motion. To further reduce friction between the thumb and the flat surface, the thumb was wrapped with paper tape. During motor practice, raw horizontal and vertical acceleration signals were displayed on a Figure 1 . Illustration of the experimental design. Each subject completed both experimental conditions at least 2 weeks apart and the order of conditions was counterbalanced.
computer monitor and subjects were instructed to try to increase the first peak of the horizontal acceleration signal while also minimizing the overall amplitude of the vertical acceleration signal. Continuous verbal encouragement was provided during practice, and the experimenter monitored practice to ensure that subjects maintained light contact between the thumb and low-friction surface while moving the thumb in the horizontal direction. Motor practice included 3 blocks of 75 trials each, with 2 minutes of rest between each block. An additional minute of rest time was provided if requested.
Baseline, post-testing, and retention tests included 10 trials of ballistic thumb extension (rate: 0.5 Hz). To minimize the influence of additional learning during these trials, raw acceleration traces were not displayed nor was verbal encouragement provided.
Acceleration signals were digitally sampled at 5 kHz, low-pass filtered at 100 Hz and stored for offline analysis. During offline analysis, accelerometer signals were low-pass filtered further (cutoff: 15 Hz). The primary outcome measure for the motor learning analysis was peak resultant acceleration for each thumb movement. In order to account for small variations in accelerometer placement across sessions and any possible changes in resting thumb posture during task performance, we found the first peak in acceleration relative to any baseline offset in the horizontal axis for each movement and then determined the acceleration in the anterior-posterior and vertical axes at the time of this peak horizontal acceleration. The acceleration values from each axis at the time of peak horizontal acceleration were then vectorially summed to determine peak resultant acceleration for each movement. An example acceleration trace recorded in the horizontal axis during a ballistic thumb extension movement is depicted in Fig. 2 .
Peak thumb accelerations were divided into sub-blocks of 25 movements each during motor practice (i.e., block1-1, block1-2, etc.). Peak accelerations were averaged within each sub-block and testing period. Testing period values were then used to calculate online and offline changes in motor performance [22] 
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Transcranial magnetic stimulation (TMS) and recording
All TMS procedures were completed using two MagStim 200 2 stimulator units combined through a BiStim module and a figureof-eight coil held at~45°relative to the mid-sagittal line. Subjects were seated in an armchair with the left forearm and hand pronated and secured to the chair's armrest using Velcro straps. Digits 2-5 were taped together and the thumb rested off of the armrest surface in a relaxed manner. This setup ensured consistent hand positioning throughout all TMS procedures while constraining digits 2-5 so that isolated TMS-evoked thumb movements could be accurately measured. The left OP hotspot was detected using singlepulse suprathreshold TMS pulses and the position that reliably elicited the largest motor-evoked potentials (MEPs) was marked on a bandage covering the scalp. RMT was determined as the minimum stimulator intensity required to elicit a motor-evoked potential (MEP) ≥ 50 uV on 5 of 10 consecutive trials at the hotspot. During RC collection, 10 MEPs and TMS-evoked thumb movements were collected concurrently with interstimulus intervals varying from 4 to 10 seconds to reduce stimulus anticipation. Stimulation intensities between 90% and 150% RMT were tested in a pseudo-random order. Because the TMS coil was hand-held without neuronavigation, when MEPs did not increase with higher intensity stimulation, coil position was checked and adjusted as necessary. MEPs at that intensity were then re-measured to ensure accuracy (<7% of all trials).
Electromyography was collected during TMS using bipolar AgAgCl electrodes (Delsys Bagnoli, Natick MA) attached to the skin over the left OP and left abductor digiti minimi (ADM). EMG signals were sampled at 5 kHz, bandpass filtered from 20 Hz to 2 kHz and stored for offline analysis. During analysis, trials with pre-stimulus peakto-peak EMG exceeding 50 uV were discarded from analysis. Peakto-peak MEP amplitudes for ADM and OP elicited from the OP hotspot were averaged for each stimulus intensity within each muscle, and an example OP MEP is depicted in Fig. 2 . All MEPs for each muscle were normalized to the maximum MEP amplitude observed in that muscle during pre-practice RCs by dividing each MEP's amplitude by the maximum MEP amplitude value. Normalized MEPs were then combined to construct RCs for both muscles for each subject during pre-and post-practice time points. RC slopes were determined by calculating the slope of the linear portion of the OP MEP RC at three different ranges of stimulus intensities (90-130% RMT: R 2 = 0.75 ± 0.03, 90-150% RMT: R 2 = 0.72 ± 0.03, 110-140% RMT: R 2 = 0.55 ± 0.05). The R 2 values for 90-130% were highest, so the slope values were derived from fits at these intensities. The average R 2 value for the ADM MEP RC linear fits at 90-130% RMT was 0.72 ± 0.04. Pre-stimulus background EMG was assessed by calculating RMS EMG values from both muscles during a 40 ms window before each MEP. These values were averaged across all intensities pre-and post-practice for each condition.
TMS-evoked thumb movements
We collected accelerations of TMS-evoked thumb movements concurrently with MEP measurements. Acceleration signals were sampled at 5 kHz, low-pass filtered at 100 Hz and stored for offline analysis. The primary outcome measure for TMS-evoked thumb movements was peak evoked acceleration in the trained (i.e., extension) direction resulting from each TMS pulse [23] . We focused our analysis on the magnitude of extension-directed accelerations at the start of each evoked movement. This often corresponded to the first peak in acceleration in the extension direction, although in many cases there was little to no extension-directed acceleration at the start of the evoked movement. Regardless of whether extension accelerations were visually identifiable at the start of each movement, all trials were used for analysis. An example acceleration trace recorded in the horizontal axis during a TMS-evoked thumb movement is depicted in Fig. 2 .
After identifying peak evoked accelerations, we calculated the average of the peak evoked acceleration values (relative to any baseline offset) for each stimulus intensity at pre-and post-practice time points. These values were used to construct TMS-evoked thumb movement RCs, and for consistency between our plasticity measures, we determined the slope of the RC for stimulus intensities between 90% and 130% RMT (average R 2 value: 0.42 ± 0.04). We also calculated the practice-dependent percentage change in TMSevoked thumb movement RC slope for each condition. In order to prevent inaccurate negative percentage changes in TMS-evoked thumb movements from influencing the results, negative RC slope values for the pre-practice time point were replaced with values of 1 (4 of 24 pre-practice slope values).
All data were acquired using DATAPAC 2.0 software (RUN Technologies, Mission Viejo, CA). Data were subsequently processed using DATAPAC software (versions 2.0 and 2K2) and custom-written MATLAB scripts (TheMathWorks, Natick, MA). Statistical analyses were performed in STATISTICA (StatSoft, Tulsa, OK).
Statistical analysis
To test for any influence of session order on results, all variables (online changes, offline changes, motor performance during practice, MEP RC slopes, background EMG levels and TMS-evoked thumb movement RC slopes) were collapsed across conditions and time points. We performed unpaired t-tests to determine if subjects who completed the control sessions first showed different results than those who completed the immobilization sessions first. We found no effect of order (p > 0.137 for all), so order was not used as a factor in the main analysis.
To determine if immobilization modified motor performance independent of any effects on learning, a CONDITION × TIME repeatedmeasures analysis of variance (rm-ANOVA) was used to compare resultant accelerations during baseline1 and baseline2 in each condition. To determine if immobilization affected performance during motor practice, resultant accelerations were submitted to a CONDITION × BLOCK rm-ANOVA with Hyunh-Feldt correction. To determine if thumb extension accelerations increased due to practice, a CONDITION × TIME rm-ANOVA was used to examine resultant accelerations during baseline2 and post-test. A paired t-test was also used to test for differences in online changes between conditions, and a CONDITION × TIME rm-ANOVA was used to test for differences in offline changes between conditions. To test for differences in MEP RC slopes, background EMG for OP and ADM muscles, and TMS-evoked thumb movement RC slopes, separate CONDITION × TIME rm-ANOVAs were used. A paired t-test was used to test for differences in RMT between conditions. Tukey's Honestly Significant Difference test was used for post-hoc testing.
We also examined relationships between practice-dependent plasticity and motor learning by performing several Pearson's correlations. For each condition, we tested relationships between prepractice OP MEP RC slope, practice-dependent percentage changes in OP MEP RC slope, practice-dependent percentage changes in TMSevoked thumb movement RC slope, and online and offline changes. We also quantified the extent to which each of these variables was modified by immobilization; that is, we calculated the difference between each variable in the immobilization versus the control condition and then performed Pearson's correlations on the resulting difference scores. In the results section, reported correlations are limited to those between excitability, plasticity and motor learning measures. To correct for multiple comparisons, alpha was set equal to 0.01 for correlation analyses. All values are reported as mean ± standard error of the mean (SEM) and all error bars represent SEM.
Results
OP background EMG was approximately 2.5% larger before practice for the immobilization condition only (significant main effect of TIME: F1,11 = 5.60, p = 0.037; significant CONDITION × TIME interaction: F1, 11 = 8.80, p = 0.012; post-hoc comparing pre-versus postpractice OP background EMG for immobilization condition, p = 0.002, post-hoc comparing pre-versus post-practice OP background EMG for control condition, p = 0.932). OP background EMG was also approximately 2% larger before practice for the control condition compared to after practice for the immobilization condition (p = 0.024). ADM background EMG was approximately 3.2% larger before practice for the immobilization condition compared to the control condition (significant CONDITION × TIME interaction: F1,11 = 9.00, p = 0.012; post-hoc comparing pre-practice ADM background EMG for the immobilization versus control condition, p = 0.001). ADM background EMG was also approximately 2.4% larger before practice for the immobilization condition compared to after practice for the control condition (p = 0.011). RMT was similar between conditions (t11 = 0.716, p = 0.488). RMT was 47.8 ± 3.48 and 46.3 ± 2.94 percent of maximum stimulator output during the immobilization and control conditions, respectively.
Before motor practice, OP MEP RC slope was similar between conditions ( Fig. 3A and 3D ) but increased significantly as a result of practice following immobilization only (Fig. 3B, 3C and 3D ; significant CONDITION × TIME interaction: F1,11 = 5.905, p = 0.033; posthoc comparing control versus immobilization pre-practice slopes, p = 0.504; post-hoc comparing control slope pre-versus postpractice, p = 0.999; post-hoc comparing immobilization slope pre-versus post-practice, p = 0.026). Four of 12 subjects showed > 20% decrease in pre-practice OP recruitment curve slope following immobilization versus control (individual data not shown). In contrast, 9 of 12 subjects demonstrated > 20% increase in practicedependent changes in MEP OP RC slope following immobilization versus control (Fig. 3E) . ADM MEP RC slope was similar following immobilization versus control and did not change as a result of practice in either condition (no significant main effects or interactions, p > 0.500 for all).
TMS-evoked thumb movement RC slopes increased significantly as a result of motor practice in both conditions (Fig. 4A, 4B and 4C; significant main effect of TIME: F1, 11 = 9.773, p = 0.009; posthoc comparing pre-practice versus post-practice, p = 0.009), but the extent to which these slopes increased after practice was similar between conditions (no other main effects or interactions, p > 0.274 for all). At the individual level, 7 of 12 subjects demonstrated > 20% increase in practice-dependent changes in TMS-evoked thumb movement RC slopes following immobilization versus control (Fig. 4D) .
Before motor practice, there were no significant differences in ballistic thumb extension performance either between conditions or across time points, although thumb movements tended to be slower during baseline1 and baseline2 in the control versus immobilization condition ( Fig. 5A ; no significant main effect of CONDITION: F1, 11 = 3.467, p = 0.089; all others p > 0.308). Thus, immobilization did not significantly impair ballistic thumb extension performance. During motor practice, peak thumb acceleration increased significantly (Fig. 5A , significant main effect of BLOCK: F8,88 = 16.452, p < 0.001; post-hoc comparing block1-1 to block 3-3, p < 0.001). Throughout motor practice, peak thumb acceleration tended to be slower in the control condition, although this effect did not reach significance (no significant main effect of CONDITION: F1, 11 = 3.758, p = 0.078). No other effects were significant (p > 0.618).
The visual feedback that subjects viewed during motor practice (i.e., the raw horizontal acceleration signal) was susceptible to noise resulting from small vibrations of the thumb as it passed over the tabletop. To approximate potential differences in visual feedback between conditions, we determined the first peak of the raw horizontal acceleration signal (relative to any baseline offset) and averaged these values within each set of 25 movements. The resulting values were then submitted to a CONDITION × BLOCK rm-ANOVA with HyunhFeldt correction. Consistent with a general performance improvement, the magnitude of the first peak in the raw horizontal acceleration increased significantly during practice (significant main effect of BLOCK: F1, 11 = 2.810, p = 0.042; post-hoc test comparing block1-1 to block 3-3, p < 0.01), but this increase was similar across conditions (no significant main effect of BLOCK, no CONDITION × BLOCK interaction, p > 0.229 for both). Thus, the visual feedback subjects received during motor practice was similar across conditions.
Motor performance improved significantly from baseline2 to posttest in both conditions (Fig. 5A , significant main effect of TIME: F1,11 = 34.607, p < 0.001; post-hoc comparing baseline2 to post-test, p < 0.001), and the extent of this improvement was similar between conditions (Fig. 5A , no significant effect of CONDITION or CONDI-TION × TIME interaction: p > 0.120 for both). To verify that motor performance was not saturated after each subject's first set of sessions and that subjects could still improve motor performance during the second set of sessions, we performed a paired t-test comparing peak accelerations during baseline2 to peak accelerations during posttest for each subject's second set of sessions only. Importantly, motor performance still improved during the second set of sessions (t = −6.178, p < 0.001), indicating that motor performance was not saturated after the first set of sessions. Additionally, online changes were similar between conditions (Fig. 5B, t10 = −0.108, p = 0.915) and there were no differences in offline changes across time points or conditions (Fig. 5B , no significant main effects or interactions: p > 0.533 for all). At the individual level, 8 of 12 subjects showed > 10% larger online changes during the immobilization versus control condition, 5 of 12 subjects showed > 10% larger within-day offline changes during the immobilization versus control condition, and 5 of 12 subjects showed > 10% larger between-day offline changes during the immobilization versus control condition (Fig. 5C ).
There was evidence for relationships between initial CSE, plasticity and motor learning effects, although none reached our adjusted criterion for significance (Table 1, Figs. 6 and 7) . Specifically, (C) TMS-evoked thumb movement RC slopes before and after motor practice in the immobilization and control conditions. (D) Individual data depicting practicedependent percentage changes in TMS-evoked thumb movement RC slope after either normal hand use or immobilization. In both conditions, the slope of the TMS-evoked thumb movement RC increased as a result of motor practice, but this increase was similar between conditions. Asterisks indicate significant differences. pre-practice OP MEP RC slope was negatively correlated with the practice-dependent percentage change in OP MEP RC slope (Fig. 6A , p = 0.044 for immobilization condition) but there was no evidence that pre-practice OP MEP RC slope was significantly associated with between-day offline changes (Fig. 6B, p > 0.11 for both conditions) . Additionally, the practice-dependent percentage change in OP MEP RC slope was negatively correlated with online changes (Table 1 , p = 0.024 for immobilization condition) and positively correlated with between-day offline changes (Fig. 6C , p = 0.016 for immobilization condition). These relationships suggest that the magnitude of practicedependent changes in CSE may depend on initial CSE, and that the magnitude of practice-dependent changes in CSE is associated with online and offline changes in the immobilization, but not the control condition. Further, the difference in pre-practice OP MEP RC slope between the immobilization and control conditions was negatively correlated with the difference in within-day offline changes between the two conditions (Fig. 7, p = 0.013) , suggesting that the extent to which immobilization modified pre-practice CSE was associated with the extent to which it modified retention of the ballistic motor skill. No other relationships met either the conventional or our adjusted criterion for significance (p > 0.066) for all.
Discussion
We found that short-term hand/wrist immobilization facilitated practice-dependent plasticity of CSE in a topographicallyspecific manner, but did not modify practice-dependent plasticity of TMS-evoked thumb movements or ballistic motor skill learning. Pre-practice CSE was similar across conditions, suggesting that the observed results do not depend on an overt reduction in CSE before motor practice.
In contrast with earlier reports [15, 24] , short-term immobilization did not reduce pre-practice CSE. Although it is possible that our MEP normalization procedure eliminated any excitability differences present after the immobilization period, an examination of RC slopes calculated from non-normalized MEPs revealed similar findings. Thus, the difference between ours and prior results are likely due to other factors. First, the immobilization procedure used here might not have been strict enough to reduce excitability. In our study, subjects wore the splint for 8 hours and avoided using their left hand during this time, whereas in other studies subjects maintained their hand in the same position throughout the day [15, 24] . Second, reduced hand use could have activated homeostatic metaplasticity mechanisms, preventing a significant decrease in CSE from occurring [9, 25] . The discrepancy between studies might therefore be related to inter-individual differences in homeostatic compensation for reduced neuronal activity [15] . Third, immobilization may have significantly reduced CSE, but because we did not test excitability immediately before and after immobilization, we did not capture this change.
Although immobilization did not modify pre-practice CSE, it facilitated practice-dependent changes in CSE in a manner consistent with the BCM theory of homeostatic metaplasticity [8] . The BCM theory does not require that excitability change in order for the LTP/LTD induction threshold to shift; rather, it is the history of post-synaptic activity that is critical [12] [13] [14] 26] . Even though immobilization did not reduce pre-practice CSE, it likely did reduce the activity of cortical motor neurons innervating the left OP, leading to a downward shift in the threshold of neural activity required to induce practice-dependent plasticity. This is suspected to have increased the probability that practice-dependent plasticity would occur in response to a given amount of motor practice. Because we found no clear practice-dependent increases in CSE in the control condition, this manifested as a practice-dependent increase in CSE following immobilization only. However, pre-practice CSE was negatively correlated with practice-dependent changes in CSE for the immobilization condition, indicating that subjects with lower excitability before motor practice experienced a greater practicedependent change in CSE. It therefore appears that practicedependent changes in CSE depend on initial CSE somewhat, even though our immobilization intervention did not overtly modify pre-practice CSE.
The lack of significant practice-dependent increases in CSE in the control condition contrasts with other studies [6, 27, 28] and is likely related to the differences in the muscles tested across studies.
Previous studies trained subjects to rapidly abduct or flex their thumb [6, 27, 28] whereas subjects here rapidly extended their thumb. Thumb abduction/flexion is important for grasping and is more functionally relevant than thumb extension, with previous work demonstrating that thumb extensors have a smaller cortical representation than thumb flexors [29] . Thus, cortical motor neurons innervating thumb abductors and/or flexors might be more sensitive to plasticity than those innervating thumb extensors. Indeed, wrist flexors are more susceptible to plasticity than wrist extensors [30, 31] , and we speculate that a similar principle applies at the thumb. Given these potential differences, it is unclear how well our results will generalize to other motor learning tasks involving thumb flexion/abduction. Although it is possible that there are fundamental differences between the neural mechanisms underlying flexor/ abductor and extensor plasticity, we think it is more likely that differences in plasticity processes between flexors/abductors and extensors are related to the magnitude of and/or sensitivity to plasticity. However, additional study will be required to determine if the relationship between plasticity effects and motor learning varies with the muscle tested.
Consistent with previous work, repetitive motor practice increased TMS-evoked thumb accelerations in the trained direction [32, 33] . However, immobilization did not modify subsequent practice-dependent changes in TMS-evoked thumb movements. The differences between immobilization's effects on CSE and TMSevoked thumb movements are likely related to differences between the two measurements: MEPs represent muscle-specific excitability whereas TMS-evoked thumb movements represent combined excitability levels for all muscles crossing a joint. Previous work demonstrated that ballistic motor training produces differential excitability changes in multiple muscles crossing the thumb joint [33] . To better describe relationships between CSE and TMS-evoked thumb movements, examining excitability changes at multiple muscles crossing the joint in question will probably be necessary.
Contrary to our hypothesis, experimentally enhancing practicedependent plasticity of CSE did not promote motor learning, and a few explanations for this result exist. First, immobilization may have introduced other effects that superseded the positive effects of increased practice-dependent in CSE on motor learning, such as reduced memory for movement dynamics [34] or coordination impairments. However, we found no evidence that immobilization modified motor performance before motor practice. Second, homeostatic facilitation of motor learning is not always effective [35] [36] [37] [38] , so inter-individual variability could have masked a group-level effect. Along these lines, we did find a negative correlation between the extent to which immobilization increased prepractice OP MEP RC slope and the extent to which immobilization increased within-day offline changes. That is, subjects who showed smaller increases/larger decreases in pre-practice OP MEP RC slope following immobilization versus control showed greater facilitation of within-day offline changes following immobilization versus control. Although this relationship is consistent with our original hypothesis, only 5 of 12 subjects showed > 10% improvement in offline changes following immobilization. Thus, even if interindividual variability in responsiveness to immobilization masked a group-level effect, immobilization still did not facilitate motor learning in the majority of subjects tested. Third, enhancing practicedependent changes in CSE may not be sufficient to promote motor learning, and dissociations between practice-dependent changes in CSE and learning effects have been reported previously [39, 40] . Finally, longer practice durations might be necessary for immobilization to promote motor learning. Although conceivable, this possibility does not diminish our main finding that experimentally enhancing practice-dependent changes in CSE is not sufficient to promote learning.
We detected some relationships between excitability, plasticity and learning effects, although these did not reach our adjusted criterion for significance. For the immobilization condition, prepractice CSE was negatively correlated with practice-dependent changes in CSE, suggesting that practice-dependent plasticity depends on initial excitability levels. We also found a negative correlation between practice-dependent increases in CSE and online changes for the immobilization condition. This implies that subjects who showed greater practice-dependent plasticity showed poorer acquisition of the ballistic skill, although this relationship is at odds with our group-level results. Finally, practice-dependent increases in CSE were positively correlated with between-day offline changes for the immobilization condition. This association indicates that subjects who showed greater practice-dependent increases in CSE tended to retain the motor skill better across days, which is consistent with prior reports [7, 41] .
In the current study, relationships between excitability, plasticity and learning effects were only detectable after a period of immobilization. Why might this be the case? We suggest that variability in normal effector use among our subjects introduced noise into our sample, making it difficult to detect relationships between these variables for the control condition. In contrast, immobilization likely minimized the amount of noise introduced by variability in effector use, allowing associations between excitability, plasticity, and learning to become evident. This raises the possibility that immobilization could be used as a "standardization" intervention to control for the history of effector use and post-synaptic activity in plasticity studies. Standardization interventions could improve the reproducibility of plasticity effects by homogenizing the brain's response to a plasticity protocol [42] . Thus, we propose that relationships between plasticity effects and motor learning can be obscured by noise associated with variability in effector use. This might explain why such relationships are not always observable [43, 44] .
Conclusions
We found that reducing effector use for 8 hours via immobilization facilitated practice-dependent changes in CSE. This enhancement was specific to the trained muscle and did not depend on an overt reduction in CSE before motor practice. In contrast, reducing effector use did not facilitate practice-dependent changes in TMS-evoked thumb movements nor did it promote motor learning. Although the generalizability of our results to plasticity processes and motor learning involving other thumb muscles is unclear, our results suggest that experimentally enhancing practice-dependent changes in CSE is not sufficient to promote motor learning.
